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Abstract 
The design, alignment, and operation of modern aberration-corrected charged particle optical systems rely on a number of 
theoretical and computational advancements. We give a survey of the methods and concepts which have proven useful for our 
research on aberration correctors for a large variety of instruments. Additionally, we discuss the assessment and optimization of 
the optical performance of aberration-corrected systems during design and development. We illustrate this with the hexapole Cs-
corrector for CTEM and STEM as an example and discuss some of the more recent directions in which the development of 
aberration-corrected systems will proceed.  © 2008 Elsevier B.V.
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1. Introduction 
Although, the first proposals to correct for the principal aberrations in charged particle optics date back to 1947 
[1] and earlier, the definite breakthrough in aberration correction happened not before the last decade of the 
twentieth century [2-4]. The basic ingredients of this success were an improved understanding of charged particle 
optics theory, powerful computational methods to analyze the behavior of complex optical systems under realistic 
conditions, the availability of stable and programmable power supplies, improved electro-mechanical designs, and - 
probably most important - the implementation of computer-aided feedback control for corrector alignment. 
Today, aberration correctors are commercially available for the Scanning Electron Microscope (SEM 
quadrupole/octupole Cc/Cs-corrector), the Conventional Transmission Electron Microscope (CTEM hexapole Cs-
corrector), and the Scanning Transmission Electron Microscope (STEM quadrupole/octupole Cs-corrector and 
STEM hexapole Cs-corrector) from different manufacturers.  Aberration-corrected instruments have proven useful 
for many applications in high-resolution imaging. This continuing success stimulates a demand for new and 
improved aberration-corrected systems. The ongoing development includes improvements of the overall instrument 
stability, research for more accurate and reliable alignment methods, the minimization of higher-order aberrations in 
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existing designs, and finally the design and realization of ambitious new correctors like a CTEM 
quadrupole/octupole Cc/Cs-corrector for the TEAM project [5]. Also more unconventional optical components like 
imaging energy filters, gun monochromators, or focused ion beam devices benefit from aberration correction. 
Further ideas like optical systems with large field of view corrected for off-axial aberrations, correctors optimized 
for large-gap objective lenses for in-situ and Lorentz imaging, or Cc/Cs-correctors for the STEM have been 
proposed and are waiting for realization. 
Recent research and development in aberration-corrected optics very much benefits from a number of theoretical 
and computational methods and concepts.  Some of these methods are well known from the development of 
conventional optical elements like round lenses, deflectors, or stigmators. Others - originally introduced to assess 
and to improve the performance of aberration correcting devices - prove useful also in related fields of particle 
optics research, where more unconventional optical elements like sector fields, multipole fields, dynamic correction 
strategies, or multi-beam concepts are employed. 
Nowadays, for a novel system many feasibility-critical issues can be assessed reliably in advance. Nevertheless, 
the experimental setup and test is still the most critical and decisive step. During the experimental evaluation of a 
prototype system accompanying calculations are helpful to find alignment presets, to assess unexpected or faulty 
behavior, and to tune the optical alignment for improved performance. 
In this paper we survey the - according to our experience - most important theoretical and computational methods 
and concepts which have proven useful on the way from an initial idea to the final realization of a modified or 
entirely new optical device. We illustrate the theory by practical examples for the CTEM and STEM hexapole 
Cs-correctors CETCOR and CESCOR which have been developed by CEOS GmbH during the last years. Variants 
of these aberration correctors are now available from all major TEM manufacturers as commercial products. 
Additionally, we discuss some of the more recent directions in which the development of aberration-corrected 
systems in general will proceed. 
2. Assessment of instrument performance 
The performance of an optical instrument is characterized by the optical resolution, the reliability and stability 
under reasonable environmental conditions, and the usability and applicability of the instrument for scientific 
research or industrial production. 
2.1. Information limit 
The fundamental limit for the performance of an optical system is given by the instrumental information limit.
Contrast transfer is damped by the chromatic focus spread, by the effects of the lateral incoherence of the beam, by 
electrical instabilities, by external AC stray fields, and by mechanical vibrations. 
The chromatic focus spread can be reduced by using a source with a small relative energy spread. For example it 
is expected that the optimum resolution in a STEM can be improved by using a monochromated field emission gun 
(MC-FEG) with reduced energy spread 'E = 0.3 eV (fwhm) together with a STEM Cs-corrector. Since the usable 
beam current and, hence, the effective brightness of the electron source is reduced at least by the filter factor of the 
monochromator, the anticipated gain in resolution is quite small as long as the brightness of the FEG is not 
improved simultaneously. An improved hexapole STEM Cs-corrector optimized for the use with a high-brightness 
MC-FEG is currently under development aiming for STEM resolution better than 50 pm at 300 kV [8]. 
Also for the CTEM a monochromator in combination with a Cs-corrector can be used to improve the 
instrumental information limit. The Cs-corrected system benefits from the fact that the effect of the lateral 
incoherence of the beam is strongly reduced - at least under almost Gaussian focus conditions - since imaging with 
electrons hitting the specimen with a certain convergence angle does not suffer from tilt-induced axial coma. This 
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allows CTEM imaging with a rather large semi-convergence angle of the illumination - and hence large current 
density at the specimen - without making the information limit worse. An information limit measured by the young 
fringe method of better than 11/nm at 200kV has been reported by different manufacturers using a hexapole Cs-
corrector in combination with a gun monochromator. Without MC and corrector not more than 8/nm to 9/nm has 
been achieved (depending on the chromatic aberration of the objective lens) at this acceleration voltage. 
The complementary approach to reduce the effect of the temporal (chromatic) and lateral incoherence of the 
beam for both CTEM and STEM is to correct simultaneously for the chromatic and the spherical aberration of the 
objective lens by means of a quadrupole/octupole Cc/Cs-corrector [9]. Such an instrument is currently under 
development for the Transmission Electron Aberration Corrected Microscopy project (TEAM) [5]. This new TEM 
instrument is designed to provide an information limit of 20/nm at 200kV without the need for a gun 
monochromator.   
After the influence of the beam incoherence has been reduced by using aberration correctors and/or gun 
monochromators, finally the noise-induced image spread (xy-noise) and focus spread become the most critical 
issues w.r.t. the instrumental information limit. This is the reason why for aberration-corrected systems the effects of 
noise must be analyzed very carefully. Before any attempt to improve an existing optical system by adding an 
aberration corrector can be successful it must be made sure that the base system and the envisioned environment 
provide the necessary stability to benefit from aberration correction.  
2.2. Residual intrinsic aberrations 
Provided that the instrumental information limit is sufficiently good the instrumental resolution is determined by 
the residual aberrations of the system. Any geometrical aberrations present for the idealized instrument, without 
taking any manufacturing tolerances, misalignments or other parasitic effects into account, are called the residual 
intrinsic aberrations. The intrinsic aberrations of the uncorrected system are reduced by the aberration corrector but 
even for the corrected system residual higher-order intrinsic aberrations are left. The assessment and minimization 
of these residual intrinsic aberrations is one of the important tasks in corrector design.  
For the present design of the hexpole TEM Cs-corrector the dominant residual intrinsic aberrations are the axial 
fifth-order aberrations: the fifth-order spherical aberration C5 and the fifth-order six-fold astigmatism A5. For the 
CTEM equipped with a hexapole Cs-corrector also the third-order off-axial coma B3 = B3c +iB3s must be considered. 
This is because the off-axial coma can limit the number of equally well resolved image points. A CTEM with 
hexapole Cs-corrector is a semi-aplanatic system, since the corrector does not contribute to B3. However, the 
azimuthal component B3s caused by the magnetic objective lens remains uncorrected. Future correctors for the 
CTEM will provide means to correct for the azimuthal off-axial coma of the objective lens to allow for a large field 
of view at high resolution. 
2.3. Residual parasitic aberrations 
So far we assumed an idealized system. Practically such systems do not exist. Therefore, the aberration 
assessment must additionally account for aberrations caused by misalignments, manufacturing tolerances, and the 
inhomogeneity or remanence of the magnetic material. The aberrations caused by these effects are called parasitic 
aberrations. Since a realistic system does not obey the same strict symmetry laws as the idealized one, the number of 
parasitic aberrations is always much larger than the number of symmetry-allowed intrinsic aberrations. For example 
in a TEM equipped with hexapole Cs-corrector only nine intrinsic axial aberrations are symmetry-allowed up to fifth 
order, while in total twenty-five parasitic axial aberrations can occur (for complex-valued aberration coeffcients the 
x- and y-component are counted separately).  
In every aberration-corrected instrument it is mandatory to compensate for the parasitic aberrations by means of 
alignment elements, typically deflectors and multipole stigmators. Without these alignment elements the tolerancing 
requirements for any of the present aberration-corrected devices would be completely infeasible. An aberration 
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corrector must provide means to compensate for all relevant parasitic aberrations. We call these methods alignment 
tools (AT). Every AT compensates for one or a small set of parasitic aberrations. It assumes that the alignment of 
the optical system is not too far away from the well-corrected state. It optimally operates within the linear regime 
and must be applied iteratively to compensate for larger amounts of parasitic aberrations. The parasitic aberrations 
remaining after optimum alignment are called the residual parasitic aberrations. One of the most important tasks in 
corrector design is to find a complete and efficient set of alignment tools optimized for small higher-order residual 
parasitic aberrations. An AT calibrated in strength w.r.t. one or a small set of aberrations is called an auto-alignment 
tool (AAT). For stable user operation a complete set of AATs is necessary to re-establish and to maintain the well-
corrected state of the instrument at any time.  
3. Optical optimisation 
Before any serious development of a new or modified aberration-corrected device starts, a theoretical model is set 
up to assess the basic feasibility (correctness of concept, strength of elements, compatibility with size constraints) 
and the residual intrinsic aberrations for the proposed design. Since during the initial concept studies many 
parameters are still undetermined, the initial model should be simple and easy to modify. 
3.1. Modelling and Simulation 
From the point of view of particle optics theory any aberration-corrected system can be described by a set of 
multipole functions about the central trajectory called the optic axis. Each multipole function )Q, <Q: Թ ՜ ԧ
represents the strength of the Fourier component with multiplicity Q of the electrostatic potential I = I(w; z) or of 
the magnetic scalar potential \ = \(w; z), respectively, about the optic axis as a function of the axial coordinate z.
For simplicity we employ the complex notation ݓ ൌ ݔ ൅ ݅ݕ and ݓഥ ൌ ݔ െ ݅ݕ for the direction perpendicular to the 
optic axis. For an aberration analysis up to Seidel order n > 0 the complete set of multipole functions with 
multiplicity Q d n + 1 is required. For an idealized TEM equipped with a hexapole Cs-corrector this set reduces to 
the real-valued axial magnetic potential <0 = <0(z) (representing the round lenses) and the complex-valued axial 
magnetic hexapole strength <3 = <3c(z)+i<3s(z) (representing the hexapole-type correction elements). In this case 
the magnetic scalar potential in a small vicinity of the straight optic axis adopts the form 
߰ሺݓǡ ݖሻ ൌ σ ሺିଵሻ
ೕ
ሺ௝Ǩሻమ
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The beam shape w.r.t. the optic axis is fully described by the course of the paraxial fundamental rays uD and uJ
corresponding to the complex-valued axial and off-axial beam parameters D = Tx+iTy and J = x+iy, respectively, 
and additional aberration rays uX, where ܺ ൌ ߙ௝ߙത௞ߛ௟ߛҧ௠ߢ௡ denotes some index combination of the beam parameters 
D and J their complex-conjugates ߙത and ߛҧ and the chromatic parameter N (relative energy deviation) of rank r = 
j+k+l+m+n. The set of aberration rays accounts for the deviation of the real beam shape form the paraxial 
approximation. For a system with threefold symmetry only a small sub-set of index combinations are allowed and 
the beam shape up to rank n  5 for a homocentric bundle starting on axis (J = 0) adopts the form ݑሺݖሻ ൌ ߙݑఈሺݖሻ ൅
ߙതߙതݑఈഥఈഥሺݖሻ ൅ ߙߢݑఈ఑ሺݖሻ ൅ ߙߙߙതݑఈఈఈഥሺݖሻ ൅ ߙߙߙߙݑఈఈఈఈሺݖሻ ൅ ߙߙതߙതߙതݑఈఈഥఈഥఈഥሺݖሻ ൅ ߙߙߙߙതߙതݑఈఈఈఈഥఈഥሺݖሻ ൅
ߙതߙതߙതߙതߙതݑఈഥఈഥఈഥఈഥఈഥሺݖሻ ൅ ڮ where we consider chromatic aberration rays only up to second rank (axial chromatic 
aberration of first order and first degree Cc = CDN). Owing to the complex-valued axial beam parameters the 
azimuthal multiplicity of an aberration is given by Q = j – k – 1. Each aberration ray has a representation in terms of 
the paraxial fundamental rays and the aberration coefficients CX and DX as a function of z with the same index 
combination uX(z) = DX(z)uD(z) – CX(z)uJ(z). In this context the aberration coefficients can be considered as 
projections of the corresponding aberration rays onto the paraxial fundamental rays. Only the aberration coefficient 
functions CX contribute at the image planes, where uD = 0. If for some index combination all aberration rays with the 
same multiplicity but lower rank vanish at an image plane this aberration coefficient is identical with the eikonal 
coefficient for this plane up to a number factor. Aberration theory allows one to calculate the aberration coefficient 
functions directly from the set of multipole functions. A generalization of the theory to systems with non-
rotationally symmetric paraxial fundamental rays (e.g. quadrupole systems) or systems with a curved optic axis (e.g. 
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energy filters or monochromators) has already been worked out and is implemented in software. Our computer 
codes allow us to calculate systems rigorously up to seventh rank under very general symmetry conditions. The 
required aberration integrals have been derived by means of an efficient computer algebra package [6]. For a more 
in depth treatment of aberration rays and eikonal theory see e.g. [7].  
While aberration or eikonal coefficients quantify the imaging quality of a system w.r.t. the final (or some 
intermediate) image plane the aberration coefficient functions allow us to look into the optical system and to 
understand how some aberration is generated and possibly corrected or minimized throughout a complex system 
consisting of multiple lenses and correction elements. We will illustrate the strength of this method by some 
examples for the hexapole Cs-corrector. 
3.2. Example: Residual intrinsic aberrations of CETCOR 
Owing to the symmetry of the correction elements a system equipped with a hexapole Cs-corrector has only a 
small number of residual intrinsic aberrations. In arbitrary order only aberrations of multiplicity Q = 3k with ݇ א
Գare allowed. For the axial aberrations up to the seventh order these are the fifth-order spherical aberration C5 (Q = 
0), the fifth-order six-fold astigmatism A5 (Q = 6), the sixth-order three-lobe aberration D6 (Q = 3), the seventh-order 
spherical aberration C7 (Q = 0), and the seventh-order chaplet aberration G7 (Q = 6).  
The theory described above can be employed to quantify the residual intrinsic aberrations for a given system if 
the course of the axial induction ܤ௭ ൌ െȲ଴
ሾଵሿ
 of all lenses including the objective lens and the course of the hexapole 
strength <3 along the optical axis is known. With this input data we can setup a model as depicted in Fig. 1 for the 
CTEM hexapole corrector CETCOR. The next step is to calculate the fundamental rays uD and uJ from the specimen 
plane to the first intermediate image plane below the corrector. For this plane, often the so called selected area 
diffraction (SAD) plane is chosen in a TEM. In the simulation the excitations of the lenses and correction elements 
must be adjusted properly. The last step is to evaluate the aberration integrals and to plot the course of the aberration 
coefficients. The course of the spherical aberration coefficient ܥଷ ൌ ܥఈఈఈഥ  in Fig. 1 illustrates the correction action of 
the hexapole elements and the course of Cc = CDN quantifies the contribution of the transfer lenses to the total axial 
chromatic aberration. In Fig. 2 all axial aberration coefficients up to fifth order are plotted. We can see, that both the 
second-order three-fold astigmatism ܣଶ ൌ ܥఈఈതതതത and the forth-order three-lobe aberration ܦସ ൌ ܥఈఈఈఈ ൌ భరܥҧఈఈఈఈതതതതതത
vanish at the SAD image plane due to the local double-symmetry of the hexapole corrector, while ܥହ ൌ ܥఈఈఈఈఈതതതത and  
ܣହ ൌ ܥఈఈఈఈఈതതതതതതതതതത show up as residual intrinsic aberrations. Since the hexapole fields have odd azimuthal symmetry the 
residual intrinsic six-fold astigmatism is dominantly oriented in the x-direction (or real-valued). 
Fig. 1. Course of the axial induction and of the hexapole strength for a CTEM equipped with a hexapole Cs-corrector from the specimen plane to 
the SAD plane. Additionally, the fundamental ray and the calculated coefficient functions for the axial chromatic aberration and for the third-
order spherical aberration are shown. 
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Fig. 2. Course of the coefficient functions for the higher-order axial aberrations for a CTEM equipped with a hexapole Cs-corrector from the 
specimen plane to the SAD plane. 
3.3. Example: Tuning C5 versus B3
With respect to the off-axial aberrations up to third order the hexapole corrector behaves like a round lens and 
does not contribute to the off-axial coma B3 of the imaging system if the coma-free aperture plane of the objective 
lens and of the corrector are matched by the transfer lens system in between.  A CTEM equipped with a hexapole-
corrector is called semi-aplanatic since the azimuthal (or anisotropic) off-axial coma B3s introduced by the magnetic 
objective lens is still present. 
Classically, the first transfer lens system is adjusted such that the coma-free aperture plane of the objective lens is 
conjugated with respect to the coma-free aperture plane of the hexapole corrector. This alignment nulls the real part 
B3c of the off-axial coma and avoids an additional contribution to C5 caused by a combination aberration between 
the objective lens and the corrector. If the excitation of the first transfer system and of the objective lens is slightly 
changed the total C5 can be tuned between positive and negative values. The simulations depicted in Fig. 3 show 
that alternatively B3c = 0 or C5 = 0 can be adjusted. In the latter case the contributions of the upper and lower 
hexapole to B3c do not cancel anymore and the total off-axial coma of the system is increased. Other aberrations are 
hardly affected by this procedure. For a STEM hexapole corrector C5-free alignment is the preferred mode of 
operation. An experimental investigation of this matter has been published in [8].  
Fig. 3. Course of the coefficient functions for off-axial coma and fifth-order spherical aberration for a CTEM equipped with a hexapole Cs-
corrector from the specimen plane to the SAD plane for B3c-free alignment (left) and C5-free alignment (right). 
172 H. Mu¨ller et al. / Physics Procedia 1 (2008) 167–178
 H. Müller et al. / Physics Procedia 00 (2008) 000–000 7
3.4. Example: Minimization of A5
For a STEM equipped with a MC-FEG or a Cold-FEG ('E | 0.3 eV (fwhm)) and hexapole Cs-corrector a STEM 
resolution of better than 50pm at 300kV seems feasible if the probe semi-angle can be increased to roughly 
T = 40 mrad.  For this large aperture angle the residual six-fold astigmatism should be smaller than ȁܣହȁ ൑ యഊరഇల ൎ
͵͸Ͳߤ݉ according to Rayleigh's S/4-rule. This can be achieved by an optimized design of the hexapole corrector. 
Fig. 4 shows the course of the fifth-order axial aberration coefficients after the length of both hexapole elements has 
been reduced by a factor of two (while the excitation has been increased to keep C3 of the objective lens 
compensated) and the gap and bore dimensions of the transfer lenses TL21/TL22 have been scaled by a factor of 3/4 
(while the lens excitation has been reduced to keep the focal length constant). The latter intentionally increases the 
third-order aberrations of the transfer lenses and exploits a combination aberration of the transfer lenses and the 
hexapole elements to reduce A5. By comparing the course of the six-fold astigmatism shown in Figs. 4 and 2 we 
observe that the real-valued component A5x and the imaginary component A5y of the six-fold astigmatism change 
very differently, while the fifth-order spherical aberration stays almost constant. The more detailed investigations 
published in [8] show that the residual intrinsic A5x decreases super-linearly with decreasing effective length L of the 
hexapole fields. At the same time the orthogonal component A5y increases slowly. By the design optimization 
described above for the CESCOR or CETCOR the residual intrinsic ȁܣହȁ can be reduced by more than a factor of 
ten. 
Fig. 4. Course of the fifth-order axial aberrations for a CTEM equipped with hexapole Cs-corrector for a modified geometry of the hexapole 
elements and the transfer lenses TL21/TL22. 
4. Field Calculation 
After the setup for a corrector system in terms of multipole functions along the optic axis has been found and 
optimized with respect to its residual intrinsic aberrations, the detailed shape and excitation of the magnetic and/or 
electrostatic elements must be investigated. For this task numerical solvers for the electromagnetic field equations 
are required. 
4.1. Numerical Methods 
A large variety of methods and codes exists and has proven useful. For the typical design problems in aberration-
corrected optics it is convenient to employ semi-analytical methods which provide an approximation for the axial 
multipole strengths along the optic axis as smooth analytic functions. The most general approach of this type is the 
boundary element method (BEM) which can be readily applied to three-dimensional as well as two-dimensional 
Cartesian or cylinder-symmetric boundary value problems. For us the BEM has proven very useful for electro-static 
problems with metallic electrodes and dielectric material as well as for magnetostatic problems with coils and 
magnetic material having piecewise constant magnetic permeability. For magnetic problems this restricts the BEM 
to materials with linear response. Calculations with saturated magnetic material can be handled more conveniently 
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by fully discrete methods like the finite difference method (FDM) or the finite element method (FEM). In aberration 
correcting devices a precise and reproducible behavior of the axial fields w.r.t. small changes of the excitation is 
mandatory. Otherwise the alignment of the system would be almost impossible. Therefore, magnetic elements must 
be operated in the linear or almost linear regime where saturation and remanence effects are negligible. Such 
systems can be modeled completely with the BEM if the field strength inside the magnetic material is carefully 
checked not to exceed the linear regime.  For the design of the hexapole Cs-corrector the FEM is used primarily for 
the strong rotationally symmetric focusing elements like the objective lens and the transfer lenses [10]. 
Before the numerical field calculations are performed the principal optical design of the corrector should be 
known but the feasibility of the required course of the different multipole strengths along the optic axis must still be 
verified. Often small deviation between the field distribution of the initial optical model and the results of numerical 
calculations cannot be avoided. This is especially true for the shape of the fringing fields. Therefore, the optical 
model must be refined based on the numerical field data to quantify the effect of the deviations on the optical 
properties of the system. Occasionally, this procedure has to be iterated several times to find a feasible geometry of 
the field forming elements with the desired optical properties. With this approach optical simulation and numerical 
field calculation are well separated tasks. A good integration of the software tools is very helpful. Finally, it can be 
considered at least as an option to perform ray-tracing calculations for the final design of the system as a cross-
check for consistency and correctness.   
4.2. Example: Magnetic Hexapole Element 
The field models used for the examples of section 3 require information about the extension and fringing field of 
the axial hexapole strength. This data can be obtained from BEM calculations of the magnetic field of a three-
dimensional hexapole element with pole pins, yoke and coils. A simple geometry and a coarse initial surface 
triangulation of the magnetic material is shown in Fig. 5. We employ the indirect boundary element method for the 
reduced magnetic potential with equivalent charges on the surfaces. The magnetic field of the coils is calculated 
semi-analytically from Biot-Savarts law. The resulting hexapole strength <3 for a hexapole element with length 
L = 30 mm, bore radius R = 4.05 mm, magnetic permeability P/P0 = 104, and unit excitation NI = 1 At is plotted in 
Fig. 6.  
Fig. 5. Boundary representation of a single hexapole element with yoke, pole pins, and coils (left-hand diagram). The outer diameter of the yoke 
is 154mm. The initial surface triangulation used for the BEM calculation is shown on the right. [11,12] 
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Fig. 6. Hexapole strength 3 along the optic axis calculated with the boundary element method (BEM) for a hexapole element with 
L = 30 mm and R = 4.05 mm. The shaded regions depict a section through a pole pin and the mirror plates. The coil regions are hatched. 
5. Tolerancing
So far we have neglected the influence of manufacturing tolerances, misalignment and the finite stability of the 
electronic supplies. Detailed tolerancing calculations are absolutely necessary to assess the technological feasibility 
of a corrector design. The susceptibility of an optical and electro-mechanical design w.r.t. mechanical and electrical 
tolerances is one of the most important criteria during the development of a corrector design and the most 
feasibility-critical issue of all. 
5.1. Modelling and Simulation 
The influence of tolerances can be quantified by aberration theory. We employ the method of the weakly-curved 
axis. The power series expansion of the electric and magnetic potentials is augmented by weak additional parasitic 
multipole fields. The additional terms are proportional to some power of the perturbation parameter H. The 
maximum exponent of the perturbation parameter, which is considered as a further formal beam parameter, is called 
the H-degree. Since the parasitic fields do not obey the symmetry of the system all multiplicities are allowed. The 
additional perturbation multipole functions lead to a large number of additional parasitic aberrations with one or 
more H's contained in their index combination. Since the total number of beam parameters including H and N is now 
six, in total ሺ݊ ൅ ͶሻǨ ͷǨ ሺ݊ െ ͳሻǨΤ  parasitic aberration rays can occur for rank n due to the perturbation of the fields. 
The first parasitic aberration ray uH of rank one describes the deviation of the perturbed optic axis form the axis of 
the idealized system due to the presence of parasitic dipole fields. To quantify the total effect of the parasitic 
aberrations all aberrations with index combinations differing only w.r.t. to the H-rank must be added up. Although 
not necessary for the hexapole Cs-corrector, this formalism can be extended to perform tolerancing calculations 
even for systems with curved optic axis like monochromators, energy filters, or spectrometers.  
While the method of the weakly-curved axis allows us to assess the aberrations introduced by the parasitic fields, 
we have not yet discussed how to relate the mechanical and electric tolerances to the course of the parasitic 
multipole functions. For this task analytical or mechanical field models are employed. In the following we will 
discuss two applications of this procedure for the hexapole Cs-corrector. 
5.2. Example: Lateral Shift of a Hexapole 
The deformation of the magnetic field by an accidental lateral shift of a hexapole element can be described by a 
set of additional residual multipoles. If the shift G = Gx+iGy is small compared to the bore the perturbation expansion 
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of the axial magnetic scalar potential up to second H-degree and third order is given by ߰௣௘௥௧௨௥௕௘ௗ ൌ ܴ݁ሺȲଷݓഥଷ ൅
ߝȲଶఌݓഥଶ ൅ ߝଶȲଵఌఌݓഥ ൅ڮሻ, with Ȳଶఌ ൌ െ͵Ȳଷߜҧ and Ȳଵఌఌ ൌ ͵Ȳଷߜҧଶ.  Hence, the dominant parasitic aberration 
introduced by a small lateral shift of a hexapole element is a two-fold astigmatism A1H.
5.3. Example: Azimuthal Rotation of a Hexapole 
The azimuthal orientation of the hexapole elements w.r.t. each other will not be perfect in a real system. 
Additionally, imperfections of the transfer lenses TL21/TL22 may cause a residual Larmor rotation between the 
upper and lower hexapole. Therefore, in a realistic system we cannot expect that the strong three-fold astigmatism 
A2 introduced by the hexapole elements is exactly compensated. The parasitic three-fold astigmatism introduced by 
misorientation of the hexapole elements with odd orientation acts in the y-direction, while an A2H caused by a misfit 
in strength of the of upper and lower hexapole elements acts in x-direction. 
6. Semi-Automatic Alignment 
As already discussed the upper limits for the parasitic aberrations in an aberration-corrected instrument are so 
tight that the required precision of the alignment could never be realized mechanically. Therefore, a complete and 
effective set of alignment tools must be available for each corrector. The concept of alignment tools is a kind of 
abstraction. The ATs define recipes (most often linear combinations) how to operate the electric alignment elements, 
typically deflectors and multipole stigmators, to achieve a desired optical effect. To avoid confusion between the 
abstract alignment tool and the physical alignment element (e.g. a single coil) the latter is called raw element (RE). 
The REs furnish the corrector system with additional degrees of freedom which are used by the ATs to minimize the 
parasitic aberrations below the tolerable limits. 
6.1. Modelling and Simulation 
The action of the REs and ATs can be analyzed with essentially the same methods employed for the assessment 
of the parasitic aberrations. The weak alignment elements are modelled by multipole fields of first H-degree. Starting 
from an unperturbed system, linear combinations of alignment elements can be investigated which generate specific 
parasitic aberrations with sufficiently small side effects. For a real system with parasitic aberrations caused by 
mechanical or electric tolerances these combinations can be used vice versa to compensate for the same aberrations. 
In the simulation the complete set of alignment tools can then be exercised with randomly or systematically 
misaligned systems. The complete procedure can be automated such that a large number of misaligned systems can 
be analyzed. From these rather extensive numerical calculations we learn what the maximum allowed misalignments 
are, which the alignment tools can effectively handle, what maximum strength for the alignment elements is 
required, and what amount of higher-order residual parasitic aberrations must be expected. 
6.2. Example: Alignment Elements for CETCOR 
For a CTEM equipped with hexapole Cs-corrector the corrector software typically controls 30 REs. These are the 
excitations of 6 round lenses (including an offset for the objective lens focus), 2 strong hexapole elements with fixed 
orientation, 3 stigmators for two-fold and three-fold astigmatism in x- and y-direction, and 8 deflector stages for x-
and y-direction. The CETCOR with alignment elements (REs) is sketched in Fig. 7. This set of REs allows us to 
define auto-alignment tools for the 12 parasitic axial aberrations in first, second, and third order. Further ATs may 
be available for image shift, diffraction shift, diffraction stigmatization, and to tune higher-order aberrations. Again, 
the simulation methods introduced above can be used to exercise these methods and to quantify side effects, 
resulting from parasitic aberrations and higher- order residual intrinsic aberrations. Any AT or AAT must be defined 
in such a way that at least all linear side effects are suppressed sufficiently well. For the current version of the 
hexapole Cs-corrector no AATs for parasitic axial aberrations of forth and higher order and for parasitic off-axial 
aberrations exist. Hence, the manufacturing precision must be at least sufficiently good that the residual parasitic 
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forth-order aberrations and all parasitic off-axial aberrations are still tolerable w.r.t. the specifications of the 
instrument. This has been verified by extensive simulations and measurements. 
Fig. 7.  Sketch of CETCOR with alignment elements (REs) and paraxial fundamental rays. 
6.3. Example: CETCOR Axial Coma AAT 
Long before the first Cs-corrected CTEM was installed it has been realized that the accurate alignment of the 
CTEM with respect to second-order axial coma B2 is necessary for high-resolution imaging. The procedure to 
compensate for the axial coma at the center of the field of view by an appropriate tilt of the illumination is called 
coma-free alignment. For a Cs-corrected CTEM the instrumental resolution is improved by roughly a factor of two 
and, hence, the system is by a factor of eight more sensitive for parasitic axial coma. Since C3 | 0 the axial coma B2
is almost independent from illumination tilt. Therefore, the preferred B2-AAT for a CETCOR is based on a tilt 
through the hexapole corrector only, using double-deflector stages above (DP11/DP12) and below (DSh/ISh) the 
hexapole doublet (see Fig. 7). The tilt angle Tind w.r.t. the image plane at the center of the corrector and the induced 
axial coma B2ind are related by the spherical aberration C3OL and focal length fOL of the objective lens, ܤଶ௜௡ௗ ൌ
െܥଷை௅ሾ்݂ ௅ଶ ሺܯ்௅ଵ ை݂௅ሻΤ ሿߠ௜௡ௗ, where fTL2 denotes the focal length of the transfer lenses TL21/TL22 and MTL1 the 
intermediate magnification between the back-focal plane of the objective lens and the coma-free plane of the 
corrector. This method is very effective to compensate for parasitic B2 without changing the illumination tilt w.r.t. 
the specimen. The illumination tilt can be adjusted independently without affecting B2, for example to align the 
beam with respect to a zone axis of a crystalline specimen.  
7. Conclusion 
The development and improvement of aberration-corrected systems requires a very detailed understanding of the 
optical and electro-mechanical properties of these systems. The development of the first aberration-corrected 
systems took nearly one decade from the initial optical design to the commercial instrument. Today, customers from 
industry expect that new aberration-corrected devices can be developed and tested within a much shorter amount of 
time. This is only possible, if nearly all feasibility and design critical issues can be assessed reliably before a 
prototype of the new device has been built. In this paper we have surveyed most of the theoretical and computational 
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methods which help us to fulfill this requirement.  For the correctors and aberration-corrected devices developed by 
CEOS GmbH (SEM Cs/Cc-corrector, CTEM Cs-corrector, STEM Cs-corrector, FIB electrostatic Cc/Cs-corrector, 
electrostatic gun monochromator) we have achieved a very close correspondence between simulations and 
experimental results. More often than not the mismatch is not significant within the error bars of the experimental 
measurements. If, nevertheless, a mismatch occurs this is very likely caused by a design or manufacturing problem 
which can identified by additional simulations and, subsequently, resolved. Encouraged by this experience we are 
confident that computational particle optics will become even more important in the near future not only for the 
development of aberration correctors but also for other complex and more unconventional optical systems e.g. in 
semiconductor lithography and high-throughput imaging. 
Modern tools and concepts are required not only for the design of new instruments but also for the development 
of improved alignment procedures. Computer-aided feedback control is absolutely necessary for the alignment of 
advanced optical devices. It is desirable that the instrument control software hides most of the complexity of the 
underlying optical system. On the other hand, occasionally, the experienced user wants to be able to control the 
optical properties of the corrected system in detail to obtain optimum results and to explore new imaging conditions. 
Currently, a lot of research is performed in the field of aberration assessment for CTEM, STEM, and SEM. Highly 
accurate and reliable measurement procedures are the prerequisite for any improvement in optical resolution, since 
the amount of residual parasitic aberrations is basically determined by the accuracy of the aberration measurement 
process (input data for the AATs). The aberration assessment methods should be automated and well integrated with 
the instrument control software to achieve a good usability. Especially for an aberration-corrected instrument a clear 
and well-designed user-interface with adaptable levels of complexity is very helpful. In many aspects aberration-
correction can simplify the operation of an optical instrument, but also from the operators point of view a Cs-
corrected instrument usually is more than just a conventional instrument without spherical aberration.  
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